Abstract: This paper describes the development of Finite Element (FE) models for the study of the 7 behaviour of unreinforced and Basalt Fibre Reinforced Polymer (BFRP) externally reinforced masonry 8 walls under the action of in-plane seismic loading. Validated against experimental tests, the FE 9 models were used to accurately predict the shear strength and reflect damage progression in multi-10 leaf masonry walls under in-plane cyclic loading, including the propagation of cracks beneath the 11 BFRP reinforcement. The models have the potential to be used in practice to predict the behaviour 12 and shear capacity of unreinforced and FRP-reinforced masonry walls. 13
Introduction
because masonry consists of two distinct components, namely the masonry units and the mortar 23 joints as shown in Fig.1 (a) . As a result masonry structures are inhomogeneous containing many 24 discontinuities. This partly explains why, in experimental studies, the results from the testing of two 25 identically built masonry walls are not identical [6] . The degree of complexity is heightened further 26 by the inherent variations in the materials and variations in workmanship. Further difficulties exist 27 when testing masonry structures in the laboratory such as the accurate detection and monitoring of 28 cracks and their propagation beneath and around external reinforcement. Computational modelling 29 technology provides a valid and useful alternative to experimental studies. To date, numerical 30 models have been developed based on different theories such as the Finite Element Method (FEM) 31 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and the Distinct and Discrete Element Methods (DEM) [11, [23] [24] [25] . Of these, FEM-based 32 models and software are the most popular and widely available. FEM modelling strategies can be 33 broadly classified into three categories [22] : micro-scale, meso-scale and macro-scale modelling. Macro-scale modelling regards all the components of masonry as a single continuum in which solid 37 elements or shell elements are widely adopted [7] [8] [9] [10] [11] [12] . The constitutive material models are initially 38 simplified to be homogeneous and isotropic and concrete damage plasticity and concrete smeared 39 7 (triangular and rectangular voids in Fig.2 (c) and triangular and quadrangular prisms in Fig.2 (b) ), to 141 permit co-ordination of the deformation between the cohesive elements and the adjacent solid 142 elements. As the thickness of the cohesive elements is zero, the voids are infinitely small and would, 143 therefore, not have a significant effect on the stiffness of the cohesive elements. It is recommended 144 that the cohesive elements in the xoz plane and the xoy plane be generated in sequence. The others 145
can then be created in the yoz plane, as shown in Fig.2 (b) . Alternatively, a subroutine compiled in 146
Matlab can be adopted to generate cohesive elements in all directions at once, as described in Ref. Cohesive elements in ABAQUS were developed originally with the aim of modelling adhesives, 160 bonded interfaces, gaskets and rock fracture [32] . Constitutive material models described in 161 ABAQUS are based on a continuum description for adhesives, a traction-separation description for 162 the bonded interfaces, or a uniaxial stress state which is appropriate for modelling gaskets or 163 laterally unconstrained adhesive patches. For different modelling purposes, cohesive elements are 164 assigned with corresponding material constitutive laws. For instance, when the cohesive element 165
represents an adhesive material with a finite thickness, the use of continuum macroscopic 166 properties (such as the modulus of elasticity) is recommended. To reproduce tensile/shear fracture 167 in mortar joints, the behaviour of the zero-thickness cohesive elements is expressed by the 168 relationship of traction versus separation. The traction-separation law is commonly used to simulate 169 sliding or delamination at the interface and can reflect the damage progression of the cohesive 170 element under cyclic loading. 171
The nominal traction stress vector ( ) consists of three components: the normal stress vector ( ) 172 and shear stress vector along s-and t-directions ( and ), representing normal traction and two 173 shear tractions, respectively. Normal traction is assessed with different rules for tension and 174 compression vectors. With the assumption that the cohesive element is free from damage under 175 pure compression, the compressive traction is assumed to remain elastic throughout the numerical 176 analysis, while the tensile traction, the same as other two shear tractions, is initially defined with 177 linear elastic behaviour, followed by damage evolution behaviour after damage initiation. For 178 clarification purposes it is useful to think of the zero-thickness cohesive element as being composed 179 of two faces, namely the top face and the bottom face. The relative motion of those faces representsspatial displacement of cohesive element ( , and ). The effective displacement can be 182 defined by [32] : 183 -where is the Macaulay bracket, which is defined as below: 184 -It is also necessary to specify the constitutive thickness. It is not appropriate to define an actual 185 thickness of the cohesive element as the constitutive thickness as the use of an infinitesimally small 186 value causes the stiffness per unit length to be infinity. In this paper, the constitutive thickness is set 187 as 1.0 in order to keep the nominal strains equal to the corresponding separations. 188
The traction-separation law involves three criteria in ABAQUS: linear elastic behaviour, a damage 189 initiation criterion and a damage evolution law. Prior to damage initiation, the traction-separation 190 model assumes initially linear elastic behaviour, expressed by equation (2-3) [32] . As coupled 191 behaviour is not considered in this paper, the off-diagonal terms in the elasticity matrix, t, are set to results is discussed in Section 4. 1. 199 Once the stress and/or strains of a material point satisfy the specified damage initiation criteria, 200 degradation is triggered and the subsequent behaviour of the material will be determined by the 201 damage evolution law. The quadratic nominal stress criterion in ABAQUS is adopted as the damage 202 initiation criteria in this paper, while the evolution law is expressed by fracture energy with linear 203 softening. The scalar damage variable, D, is introduced to represent damage progression. D evolves 204 from 0 at damage initiation and monotonically increases up to ( 1) , where the elements are 205 considered to be fully damaged. Thus, with proper damage initiation criteria, cohesive elements can 206 be used to reproduce crack initiation and progression in the mortar joints in a masonry assemblage. 207
Even after D reaches it is important to retain the cohesive elements in the model otherwise 208 ABAQUS will delete the fully damaged elements by default and they will no longer be available to 209 resist any subsequent penetration of the surrounding elements. 210
Constitutive behaviour of units and FRP 211
The concrete damage plasticity (CDP) model is selected to simulate the non-linear behaviour of the 212 masonry blocks. This approach can be used to effectively model two typical failure mechanisms, 213 namely tensile fracture and compressive crushing, and also to capture the degradation of the 214 material in cyclic load simulations. The compressive and tensile stress-strain relationships are 215 formulated by equations (2-4) and (2-5). These formulations were originally used for masonry and, in 216 the model described in this paper, are applied for the blocks [21] which are composed of masonry 217 units and mortar joints (as explained in Section 1). The compression constitutive model is deduced 218 from the compression testing of a large number of masonry assemblages [35] , while the tensile 219 stress-strain relationship is modified from the design code for concrete and has been verified to be 220 suitable for masonry [36] . 221 In the property modulus of ABAQUS, the viscosity parameter is set as 0.001, and the other plasticity 228 factor is set by default. The FRP is assumed to be orthotropic and is characterised by the behaviour 229 of lamina which are assumed to remain elastic. Fracture and delamination failure of the FRP are not 230 considered in this paper. 231
Description of cyclic tests of masonry walls

232
Cyclic load-testing of full-scale brick masonry wall panels reinforced with surface-mounted BFRP 233 strips was carried out in the laboratory at Wuhan University to study the seismic responses of BFRP-234 reinforced masonry. With identical geometry and materials, the referred specimens are divided into 235 two groups: Group-A with W1 and BW1-1, and Group-B with W2 and BW2-1. The details and 236 configuration of specimens are illustrated in Table 1 of concrete and installed together with multi-leaf masonry part by using epoxy mortar. The epoxy 242 mortar used has extremely high bond strength so that the horizontal loadings applied on beams 243 would be transferred to masonry parts effectively. Material properties of masonry unit and mortar 244 are measured from the material property tests, as listed in Table 1 . 245
The unidirectional basalt fibres were adopted for reinforcement, and the reinforcement schemes are 246 shown in Fig ; tensile strength=1350 MPa; elastic modulus=96 GPa; 250 ultimate tensile strain=2.6 %. 251 practically to calculate masonry shear strength in [47] . To verify the numerical models under 296 cyclic loadings, the cyclic loading protocols recorded during tests are applied in the corresponding 297 numerical models. In order to save computational resources, the displacement-time loops are only 298 loaded once, rather than twice in tests. This is based on the assumption that the cyclic degradation 299 at the same lateral displacement is minimum, which is validated by the comparison of hysteresis 300 loops from experimental tests and ABAQUS modelling. The cyclic loading protocols for the 301 unreinforced models M1 and M2 are depicted in Fig.5 . 302 an significant role on the behaviour of masonry structures [41] . For example, the shear resistance of 308 masonry walls under cyclic loadings is about 10% lower than the one under monotonic loadings [42] . 309 Therefore, in terms of monotonic validation, the calculations based on codes are more applicable 310 than the skeleton curves obtained in cyclic tests. 311
Under the assumption that the cap beam does not undergo any damage, it is assigned with an elastic 312 behaviour. The material parameters for masonry units and mortar joints are listed in Table 1 and 313 
325
Considering that the penalty stiffness and fracture energies of mortar joints are hard to measure 326 directly, those parameters (in Table1) are determined by comparing the results of 327 compressive/shear masonry strength between standard compression/shear tests and the 328 corresponding ABAQUS models (as shown in Fig.6 and Fig.7, respectively) . According to the Chinese 329
Code, those masonry compress/shear standard test specimens were built to detect the 330 compression/shear strength of masonry. As shown in Table 4 and Table 5 
Influence of mesh density 343
The unreinforced model M2 is used as a benchmark for mesh sensitivity study. The units are meshed 344 as 4×1×1, 4×2×1, 4×2×2, 8×2×2 and 8×4×2 (L×B×H), respectively. Those models were tested under 345 cyclic and monotonic loadings, and a comparison of simulation results are depicted in Fig.8. Except  346 for the case of 4×1×1 (the coarsest mesh size), the difference between cases is not significant and 347 mainly occurred at the last loading cycle. It is illustrated that the numerical model in this paper is less 348 sensitive when the mesh density along the width is larger than two. In order to save computer 349 resource while still maintain the accuracy of the model, the mesh size (4×2×2) is adopted. 350 
Influence of penalty stiffness 352
As referred in Section 2.3.1, the influence of penalty stiffness on cohesive elements was assessed. The calculated and numerical results are shown in Table 6 and Fig.11 , respectively. A good 378 agreement between the calculated and simulation results can be observed, in terms of the shear 379 strength. The shear strength of M1 is only 0.57% larger than that of W1; the error between M2 and 380 W2 is 8.87%. in Fig.11 , The colour of mortar layers are ranged from white to black, to represent 381 damage evolution from intact to overall damaged degrees. It is found the crack patterns in 382 numerical models are mainly caused by shear failure, similar to cracks observed in monotonic tests 383 [3, 26] . Therefore, the unreinforced FEM models can accurately assess the peak strength of the and simulation can be observed. And the trend of stiffness degradation is similar between 398 experimental and simulation results. For specimens W1 and W2, the loss of strength was relatively 399 more significant than that of the numerical models (M1 and M2) after the peak strength is reached. 400
For the specimen W2, the positive peak strength and its corresponding displacement are 401 distinctively different from the negative ones, as shown in Fig.12 (b) . It indicates that even for one 402 single wall, the mechanical properties of its two sides are not the same. The deviation is primarily 403 caused by the heterogeneity of masonry materials and possibly workmanship as well. That is one of 404 the reasons that the positive peak strength of the specimen W2 occurred much later than that of the 405 model M2, but the negative peak strength of W2 and M2 were achieved at the same displacement. To investigate the cracking progression, the cracking patterns of W2 and M2 at the key loading 411 stages are listed in Table 7 . The left column (Table7 (1a) (4a)) depicts the cracks on the specimen 412 W2, while the right column (Table7 (1b)-(4b)) presents the simulation results of M2. For the 413 specimen W2, the initial cracks were detected at the corners of the masonry wall when the lateral 414 loading of 55KN was loaded (as shown in Table 7 (2a)). Afterwards, cracks progressed from the 415 corners towards the centre, forming a diagonal cracking pattern. The specimen failed with 416 brittleness after reaching the peak strength at 3.04mm displacement. At ultimate displacement of 417 3.71 mm, W2 fractured into four pieces and the maximum crack was up to 1-2 cm in width, as shown 418 in Table 7 (4a). In the case of the numerical model M2, cracks initiate from corners and continued to 419 develop to a diagonal pattern. Similar to experimental records, the diagonal cracks in numerical 420 model extend in width during the cyclic loading, as shown in Table 7 (4a)-(4b). Therefore, the 421 unreinforced models proposed in this paper can accurately reflect the cyclic responses of the 422 unreinforced masonry walls. 423 To date a number of codes define the formulae to obtain the contribution of FRP reinforcement. Eq. 441 (4-4) from the Chinese standard [40] is adopted to assess . Although studies [47] show that that 442 the Chinese standard has a relatively higher deviation, it is a developed code that takes the 443 reinforcement scheme into consideration. 444
where is the efficient coefficient of FRP reinforcement, set as 1.0 for the single cross layout [40] . 446 and represents the elastic modulus and effective strain of FRP strips (equals to ). is the 447 effective strain of FRP strips. Due to that the kind of FRP material do not have significant influence 448 on the improvement of peak strength [47] , can be a fixed value, with 0.001 for unanchored FRP 449 strips and 0.0015 for anchored FRP strips [40] . accounts for the environmental influence; for the 450 BFRP reinforcement indoor, =1. account for the cross section area of masonry and FRP strips. is the sum of the cross and horizontal reinforcement, as listed in Table 6 . 458
The numerical results, , are 227.87KN for BM2-1 and 134.12KN for BM2-2. The corresponding ratio 459 of calculated and numerical results is 1.14 and 0.88, respectively. It indicates that the FRP-reinforced 460 models are almost in accordance with the Chinese code within an acceptable deviation. Considering 461 that many factors influence the accuracy of code calculation [47] , the FRP-reinforced models in this
Cyclic loading 465
The load-displacement envelope curves obtained by experiment and simulation are presented in 466 
Assessment of FRP reinforcement
500
Since the late 1990s, a large number of experimental studies have been carried out to assess the 501 effectiveness of reinforcement [1] [2] [3] . With the help of numerical analysis, the reinforcing 502 effectiveness can be assessed or predicted in a general and economic way. In this section, the effects 503 of FRP reinforcement on masonry are analysed. 504 Table 9 illustrates a comparison between the ductility factors obtained from experiments and 505 simulations. The ductility factors are calculated according to Ref. [41] . Compared with the 506 unreinforced specimen W2 and numerical model M2, the ductility and resistance to cyclic load are 507 greatly improved for the BFRP-reinforced specimens BW2-1 and numerical models BM2-1 with 508 similar amplitude. It indicates that the FRP reinforcement with cross layout and vertical anchors can 509 effectively enhance the ductility of masonry walls and the numerical model can capture the31 development of ductility accurately. As shown in Table 9 , the horizontal anchors have minimal 511 influence on the ductility capacity, although the FRP reinforcement with cross layout is adopted for 512 masonry walls. It is worth noting that the horizontal FRP anchored at the base of the masonry wall 513 causes high compressive stresses at the base corner. This indicates that the horizontal strips are hard 514 to slow down the shear-sliding effectively, which shows good agreement with the conclusions in Ref. 515 [49]. For the specimen BW1-1, the high compressive stresses causes the brittle fracture at ultimate, 516
including brick crushing at the corners and the de-bonding between BFRP and masonry. However, 517 the de-bonding behaviour is assumed to be neglected during simulations. That may be the reason 518 why, the development of ductility for the specimen BW1-1 is less than the numerical model BM1- Note: is the displacement at the idealised elastic limit; is the maximum displacement for the idealised force-521 displacement relationship for masonry; is the ductility factor; is the improvement between unreinforced and 522 reinforced masonry walls.
523
For the unreinforced specimen W2, the cracking pattern was typically diagonal, while the shear 524 cracks in the BFRP-reinforced specimen BW2-1 were found in every unreinforced part. Besides, the32 lower part of BW2-1 was seriously damaged, but almost no crack was recorded at that part of W2. 526
The experimental observation illustrates that the FRP reinforcement develops the attribution of 527 cracks much more evenly, indicating that the BFRP reinforcement brings changes in the cracking 528 pattern. Similar changes in cracking pattern are also observed in the numerical results of the 529 unreinforced and FRP-reinforced models, M2 and BM2-1, (Table 7 and Table 8 ). In addition, in Table  530 8(4b), the BM2-1 has a wider diagonal cracking pattern than M2 and additional shear cracks are 531 observed in the unreinforced zones. Therefore, the developed models can reflect and assess the 532 effectiveness of FRP reinforcement on the masonry walls before and after reinforcement in terms of 533 cracking pattern. 534
Conclusions
535
This paper describes a new development in modelling the behaviour of the unreinforced and FRP-536 reinforced masonry walls under monotonic and cyclic loading conditions. In the developed meso-537 scale models, the element-based cohesive element is adopted to simulate mortar joints. Simulations 538 were conducted to evaluate the accuracy and effectiveness of the developed models under both 539 
